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TECHNICAL REPORT R-134 

AERODYNAMIC EVIDENCE PERTAINING TO THE ENTRY OF TEKTITES INTO 
THE EARTH’S ATMOSPHERE 

By DEAN R. CHAPMSN,  HOWARD K. LARSON, and LEWIS A. ANDERSON 

SUMMARY 

Euidence i s  presented which shows that the Aus-  
tralian and Java tektites entered the earth’s atmos- 
phere and experienced ablation by seuere aerodynamic 
heating in hyperuelocity s igh t .  The laboratory 
experitnents o n  hyperi~elocit y ablation haae repro- 
duced ring-waue flow rid!je.s and coiled circumferen- 
tial j2ange.r like those found on certain of these 
tektites. Systematic striae distortions exhibited in  a 
thin layer beneath the front surjace of australites also 
are reproduced in the laboratory ablation experiments, 
and are shown to correspond to the calculated distor- 
tions -for aerodynamic ablation of a glass. About 
08 percent of Australian tektites represent aero- 
dynamically stable con$gurations rluriny the nblatice 
portion of an en  f r y  trajectory. (’ertain mr.teorites 
exhibit surface-features similar to tho,se on tektitea. 

INTRODUCTION 

At irregular intervals during the piist 170 y e w s ,  
iiuiiicrous natiir:iI glass objects of curious shiipc 
tind unknown origin littve been found scii t tcretl 
over certain geogmphicd tireas af tlie globe. 
Given the name “tektites,” froin the Greek word 
T ; X T O S  (inetLning “iiiolten”), they long hnve been 
the object of detiriled study by cheinists, geologists, 
naturrilists, gcoc.hctnists, petrologists, iiiinertilo- 
gists, nnd physicists -but not by aerodynaniicists. 
There are two principal reasons for a belated entry 
of aerodynamicists into the field of tektite research : 
First, i t  lias only been in the ptist few years that  ti 
stage of advzinceinent hiis been reached wherein 
laboratory facilities hive provided an appropriate 
experimental environment, and theoretical studies 
an adequate analytical basis, for underst anding the 
liypervelocity ablation of glasses; iind, second, the 

desc~riptions of vtirious tektites which happen to 
exhibit untiiistaliable werotlynaiiiic features have 
been piiblislicd in scientific jouimnls that are not 
noriiiiill~ perused by ~~trrotlytitiiiiicists. A s  ti net 
result, iitiiiosplicrc-entry rcsctirch on glassy lieat 
sliieltls for missiles iind spncecrcbft has been ad- 
vancing during tlie past few J-enrs in :I spirit 
oblivious to the cxistence of tektites, while protluc- 
ing i n  the process resenrcli results which have a 
c-rucinl bearing on the  c*ontroversial scientific 
question of tektite origin. 

(’uriously enough, gltiss of tektite coinposition 
constitutes H good heat-shield iiiiiteriwl. Wlietlier 
this is tin iiccident of nature or a necessity for 
survival is not c.leitr a t  prewnt. In either cttsc, 
c$irciiiiistrinces are fortiiniite i n  t l i i i t  tektite glaiss is 
(.lose i t i  (.omposition to glassy lieiit-sliield in:iterials 
iilrcwly cst c.nsivctly stiitlicd as part of the re-entry 
r c s c a ~ ~ - h  progi.rtiiis i n  t l i c  Cnitcd St:ttcs. Hciice a 
broird bwlilog of rcseiir(~1i is now i ivdable  upon 
which :in cxperiiiientd and theoretical iwrody- 
natiiic investigation of tektites ciin be biised. 

While esperimental inforniiition perttiining to  
iLtniosplicrc-eiitry ~ierodyniililics of t ektites has 
been absent in the piist, this lias not prevented 
many fertile minds froin offering views as to 
whether or not the peculiar sculpturing of certain 
tektites is the result of sonic iierodynittiiic action. 
As in other exninples of scientific inquiry wherein 
an esperiinrntnl void has ninde speculation neces- 
sary, a variety of conflicting views has  been the net 
outcome. We have on one extreme, for example, 
a firm view recently stated by Krinov (ref. I), a n  
eminent student of meteorites, that  “In reality 
there itre no tmces, even the smallest, of the itction 
of the atmosphere on tektites, their form, surface 
relief, or structure. The form and surface struc- 
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ture of tektites decisively show that  they are the 
result of iiiechanical and chemical erosion." 
Many years previously, Dunn (ref. 2 )  expressed 
similar disbelief that  aerodynaitiic effects could 
have produced the tektite sculpture. I n  Dunn's 
view it was inconceivable that such beautifully 
syiiinietric foriiis as are observed on certain of the 
Austrtilian button-type tektites could be caused 
by riipid flight in the attnospliere. (Dunn's 
tektite collection is now i n  the British llfuseuni, 
and four of his mstralite buttons are shown in the 
top portion of figure 1 .) Urey (ref. 3 )  lins voiced i~ 

siiiiiliir sliepticisni to t1i:it of Dunti in doubting 
that i~ stiiall glim object 1 to 2 ctii in tliaineter 
would travel a t  high velocity in the atniospliere, 
keeping one orientation as is necessary in the case 
of the button-shaped tektites. Analogous doubts 
that  entry aerodj-naniics hiis played the leading 
role in shaping the Austril1i:iti tektites have been 
expressed by othcrs: Berwcrtli (ref. 4), for es- 
ample, believed that tektites were i i im- in :~de ,  

suggesting that the spiral ridges on itustr:ilitc 
buttons were produced by a twisting pressurp 
applied artificinllv to soft glass; while Watson 
(ref. 5 )  calculated that  sufficient heat could not 
possibly be transferred by atniosplieric friction to 
allow the australites to take on their observed 
shapes; and Hawkins (ref. 6), who favored a 
lightning origin for tektites, cautioncd against 
what he regarded as an unwarranted assurnption 
that  australite forins were produced by aerody- 
namic effects. 

On the other hand, the opposite vicw that 
tektite shapes were formed in some way during 
entry into the atmosphere is also prevalent iti the 
literature. Such views have been expressed by 
Steltzner (ref. 7), who surmised that  the austraIito 
ridges and flanges were produced during a non- 
spinning entry into the atmosphere; by Suess 
(ref. 8 ) ,  who regarded the moldavite sculpture as 
similar to that on meteorites; by 1,acrois (ref. 9) 
and Fenner (ref. lo) ,  who believed the tektites 
forms to have been produced from aerodynamic 
action on soft, spinning, ablation drops after they 
were shed from a larger combustible meteorite; by 
Von Koenigswald (ref. 1 I ) ,  who pointed to certain 
features of the Java tektite sculpture as being 
similar to those on fragmented meteorites; and by 
O'Keefe (ref. 12), who hypothesized that  the 
australites were formed from a large object which 
grazed an edge of the earth's atmosphere and shed 
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(a) Australite buttons; collection of British Museum. 

(b) Java tektites; collection of G. H. R. von Kocriigswald. 

FIGURE 1.-Tektites exhibiting ring-wave flow ridges on 
thpir front snrfaccls. 

melted ablation drops in a f:tsliion wliicli enahIed 
them to be trapped in an orbit around the eartli, 
and to land liiter as tektites. The most detailed 
views advanced heretofore about the aerodynamic. 
sculpturing of australites, however, have been 
given by Baker (refs. 13 and 14), who concluded 
that  the most logical and acceptable theory is that  
the Australian tektite sculpture was formed from 
cold, nonrotating glass objects that  entered the 
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at,mosphere a t  high velocity and were reshaped by 
aerodynamic effects from certain original forms 
(mostly spheres) into their observed shapes. 
Btilier regarded his deductions HS qutilitative in 
nature since he believed that  aerodyntimicists then 
(195s) had not yet formulnted answers to the 
problems involved. 

With benefit of knowledge of some recent re- 
sewches on the nerodynctmic liblation of glasses, a 
study of austriilites was made by the senior author 
in 1959-60. The essential results have been 
summiirized, but not elliborated upon (Chapmun, 
ref. Is), and have led to the conclusions that (1) 
the surf:ice flow patterns, the internal striae dis- 
tortion, and the acrodyniimic:illy st tihle shapes of 
Aiistraliiin tektites provide t i n  utimist&ible record 
ol' riblation of a rigid glass during liypci~vclocity 
entry into the ciirtli's :itmosplicre, atid that ( 2 )  
this rccord is sufficic.tit1y cwmplcte to deduce thc 
:ipprosimtite ctitry velocity, the flight-pit11 angle, 
:itid tlic prob:it)le celcsti:il ohjcct of tektite origin. 
The objcctive of the present rrport is to prcsctit 
a det:iiled account of es~~ct~inicnt:il and t1icoretic:il 
evidence pcrt:iitiiiig to conclrisioii ( 1 ) .  This (son- 
cliision is concordant with the principal conclusion 
of Riilrer, iind with the e d y  srirmisr of Steltzncr. 
Dct,iilcd chboriition ol' tlie evidence pertaining to 
conclusion (2) is pliiniicd for :I subsequent piper .  
T h e  :i(.rodyti:imic cvidclnec :is drscaribtd Iici*oin is 
grouped itito thrw divisions: 

(i) I~~s tcrna l  scwlpturc. 
(ii) liiternd distortion of ghss  stria. 

(iii) Aerodynamic stnbility ol' :iiistrwlite 

These divisions are discussed scp:irately iii sub- 
sequent sections. 

In order to obtain first-li:ind obsrrvations of thc 
detailed sculpture of tcktites, tlie senior :intlior 
has been privileged to ewmine miinj- of the major 
tektite collections in Western Europe :ind in thc 
United States. Emminiitions have been made 
thus far of the following collectioiis: 

s11:ipes. 

British Sliiscum, Ilondon 
Naturhistoriska Riksmuseet, Stockholm 
Uiiiversitetets Minernlogisli Sliiseum, ('(0pe11- 

Minernlogisch-Geologisch T nstituut, Univer- 

Rijlmnuseum van Gcologie en Slinernlogie, 

liagen 

sity of Utrecht 

Leiden 

U 

Technische Hoschuule, Delft 
Museum National cl' Histoire Ntiturelle 

Naturhistorisches Museum, Vienna 
Vatican collection in Castel Gnndolfo, near 

U.S. National Museum, Washington, D.C. 
Bureau of Economic Geology, University of 

The statements made herein about tektite sculp- 
ture are based priinnrily on personal examination 
of these particular collections. 

Of the various tektite collections examined, the 
most readily recogriizablc aerodynamic features 
were found :iniong Dunn's collection of ilustralites 
in the British IIuscutii, and among Von Koenigs- 
mnld's collection of J:ivu tektites in Utrecht. 
A~1in0~vl~dg11iei1t is gr:itefully iiiade here both 
to Dr. ;\IHs Hey of thc British Museuni, London, 
ant1 to Professor G. H. R. von Koenigswdd of the 
?clitiertilo~iscli-Geologiscl~ Tnstituut, University of 
Utrcclit, for their most courteous cooperntion in 
providing access to their respective tektite collec- 
t ions, and for their kind pertiiissioli to photograph 
various tektites and meteorites which :ire repro- 
ducetl in this report. 

(Geologique) , Paris 

Rome 

Texas, Austin 

EXTERNAL SCULPTURE 

The t1ct:tilcd sculpture of tektites froin :ill thc 
tlin'c~i-cnt :irctis in wliicli they :ire fountl gc~tic.r:~lly 
is estwiiirly wried :ind coniplcs. The Austrttlian 
tektitrs titid sotiie of the Java tektites, however, 
cshibit :I sculpture which is conipnratively regul:ir 
and sitnple. In the present section attention is 
confined to the button-type sculpture of the 
iiustrdites, and to :t related type of sculpture of 
certain Java tektites. Both of these types :ire 
:ixially sytiilnetric, and hence relntively :itiienable 
to expcrinientnl investigation. In ti Inter section 
sonie consideration is given to the aerodynaniics of 
austriilite shapes other than the round form 
buttons. 

RING-WAVE FLOW RIDtiES ON AUSTRALITES, JAVANITES, 
AND METEORlTES 

A unique characteristic of tektite sciilpture- 
which the experitiients described in this section 
show to be reproducible by aerodylinlilic nbla- 
tion--is the presence of ring-wave flow ridges on 
one side of certain tektites from Austmlia and 
Java. These flow ridges sometimes form a spiral 
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ring, and soinetinies n series of concentric rings. 
Photographs are presented in figure 1 which illus- 
trate the ridges on two australite round buttons, on 
two australite oval buttons, and on two Java teli- 
tites. I t  is of pertinent historical interest to note 
here tlint these curious ring-wave ridges were 
c l e d y  exhibited on the first Austrwliwn tektite 
described in the scientific lit erwture (ref. lB)--an 
oval button (quite siniilar to the ones shown in 
fig. 1) giveii to the eniiiieiit naturalist Charles 
Darwin during the Austriilian stopover ol' the now 
fuiiious 1832-36 voyage of the H.M.S. Beagle. 
Frotii his exaiiiinntion of the oval button, Darwin 
believed that it miis ii volcanic boiiih, iind tliiit its 
curious configuriition was fornird from a soft, 
spiiiiiiiig glass as it  was cooled by its niotion a t  a 
modest velocity through the air. We shnll see 
subsequently that ring-wzive flow ridges are fornied 
under different circutiistiinces tliwri Darwin antici- 

FIGURE 2.-Ring-mave flow ridges on glycerin glass during 
ablation in the Ames 1- by 1-Foot Supersonic Wind 
Tunnel No. 2; Mach number 3; reservoir pressure, 2 
atm; reservoir temperature, 295" Ti; approximately 
normal scale. 

pated, namely, from a rigid, nonrotating glass as i t  
is heated and ablated by extreme aerodynamic 
friction from hypervelocity iiiotion relative to tlie 
surrounding air. I n  the century following Darwin, 
decisive experiments on the shaping of tektite 
glass remained absent., and his association of the 
ring waves witli a soft spinning body has continued 
iiiipliiiited in the ininds of soiiie scientists. 

A relatively easy way to observe the fortii:ition 
of ring-wave flow ridges is to expose in a wind 
stream R glass coniposed of orgwic, r i~ther  t I i m  

inorganic molecules. When glycerin, for essiiiple, 
is riipidly frozen in liquid nitrogen, it supercools 
to foriii ti rigid glass. I n  a conventionid super- 
sonic wind-tunnel stremi this orgmic glass is diffi- 
cult to distort by aerotlyiiatiiic pressuw, but is 
ews\- to ablate by wi-odyiianiic 1ie:iting. Glycerin 
glass flows retitlily a t  rooni temperature, whereas 
tektite glass :tnd other glasses coiiiposed of in- 
organic tiiolecules require very high tempertit ures 
to flow readily. Some photogr~i.plis tnken in 1959 
of glycerin gliiss ublnting ;it ~iiibieiit st;tgn:ttion- 
point teinpeniture in the  Aines 1- by %Foot Super- 
sonic Tunnel SO.  2 are shown in figure 2 .  Air 
flow is froin left to right, and increasing time is 
fro111 top t.o bottoiii. The stwgni~tion-point pres- 
sure was 1 atni (reservoir pressure, 2 atin), tind 
the l l a c h  number, 3. Prominent ring waves are 
seen to propagate radially away from tlie stngna- 
tion point. When one compares these ring waves 
on :lblating glycerin glttss (fig. 2)  with those on 
Austr:ili:in telititc glass (fig. l ) ,  ti suspicious siiiii- 
liiritj- appe:irs. Notice of this particulnr similarity 
i m s ,  in fact ,  tlie impetus that initiated the present 
research on tektites. 

Experiiiiental facilities in which aerodynainic 
ablation of inorga,nic glass can be investigated 
must opera.te at teniperatures of several thousand 
degrees Kelvin. In order to hest inorganic glasses 
to a point, where the kinematic viscosity---and 
hence the flow clia.r:icteristics- are similar to those 
of glyccriii at rooiii tciiipernture, ordinary soclii- 
liiiie glass iiiust be 1ie:itetl to  about 1900 O I<, boro- 
silicate glass (pj-res) to  bout 2100" I<, nntl tektite 
glass to tibout 2400" I<. A.bl:ition a t  these higher 
teiiiperiiturcs c i ~ n  be nchicvetl in currpnt. hborci- 
tory facilities either by eiiiploying :t light-gns gun 
to  launch a glass model througli statioiiary air at 
a hypervelocit,y, or by employing an electric arc- 
heated device to launch air over a stationary glass 
model a t  a stagnation enthalpy corresponding to 
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a 11)-pervelocity. In the present experiiiients the 
Aines concc.nt ric-ring electric-urc supersonic jet, 
rlescribecl by Slicptird :xiid Winovich (ref. 17) ,  was 
riiiployed to abltite viirious inorgiinic g1:isses. 
This device provides cotit:iiiiiiitition-free flow a t  
variable pressures. 

A visual impression of the manner in which tek- 
tite glass :iblntes in the I L ~ C  jet miy be obttiined 
froin figure 3 .  At tlie top is a sketch of the nicttiocl 
of iiionnting splicrical glws niodcls prior to iibla- 
tion. The viirious pliotogr:iphs were t akcn a t  dif- 
ferent stages in tlic abltition of i i  syntlietic tektite 
glnss sphere. A white-hot gliiss Itiyer wliicli flows 
slowl?- tlownstrcniii from tlie sttignation region can 
he seen to develop witli incre:ising time ( ( t i )  to (e) 
in  this series of pliotogritplis). I n  (21)  tlic arc litis 
just I)ccn struc.k in tlic v1i:iiiiher; t i  faintly lritiiinoiis 
gas cap is visible but  tlic glass surfacc~ tciiipcrtiturc 
liiis not yc.t risen to :L litiiiinoiis sttrtc. 1 1 1  ( I ) ) ,  

.Sphere around f r o m  tekt i te 
g l o s s  

~ jet from- 
-c orc chamber 

_t 

FIGURE 3.- Sketch of test setup in arc jet, and photographs 
taken during ab1:ttion of 1.9-cm diameter sphere of 
synthetic tektite glass. 

scveid srcontls later, t 111. front hc~iiiisplicre has 
1,cctii lieiit et1 to inctiiitlcsccnce, t1icreb.y illitniiiititiiig 
the iiozzle exit; tlic wliitc-hot g h s  near the stag- 
nation region is starting to flow. In  (c) the melt 
flow liws :icciiniulatecl to ti tlianieter approxitnately 
cqiial to thc origind sphere di:itncter (1.9 cm) and 
i n  (tl) it litis developed to :t circwtnfcrential fltinge 
of tlitinieter gretiter thtin tlie original sphere. In 
(e) tlic arc has just been extinguished after operat- 
ing for about 20 seconds; the f:iintly lriiiiinoits gas 
cap tmd bow-shock wave no longer :ire visible, and 
the  hot glass is solidifviiig froin its rripid cooling. 
This stiige corresponds to the final ablation stage 
in tin entry trajectory wherein the :ierodyn:iinic 
hetiting rate drops so fast due to decreasing vcloc- 
i t r ,  that  the molten glriss n w r  the stagnation 
region begins to be cooled, rather tlinn hented, by 
iierodynaniic friction. 

Vtirious experiments in  the arc jet have shown 
that ring-wave ablation patterns like those ob- 
served with glycerin :ire not peculiar just to orgnnic 
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(a) Soda-lime glass; yi front view. 

(b) Borosilicate glass; front view. 

FIGERE &-Ring-wave flow ridges on x-inch-diameter 
glass rods ablated in arc jet. 

glasses, but are common also to the inorganic 
glasses such as soda-lime, borosilicate, and tektite 
gInss. Two typical ablation patterns from the arc- 
jet- experiments are shown in figure 4. These were 
obtained by placing X-inch-cliamet-er glass rods in 
the arc jet for 10 to 15 seconds with the rod axis 
alinecl parallel to the stream clitection. The stag- 
nation-point heating rate of about 98 caIfcm2 sec 
(360 Btu/ft’sec) was ample to ablate thegInss at  an 
estimated surface temperature of roughly 2000 O E- 
Concentric ring-wave flow ridges can be observed 
in the top portion of figure 4, which is a 3i  front 
tiem of an ablated soclu-hue gIass rod. A spiral 

ring-wave system can be observed in the bottom 
portion, which is a clirect frontal view of an ablatecl 
borosilicate glass rod. (In both cases the glass 
melt sudclenly becomes frothy after i t  Botvs to a 
certain distance downstream of the stagnation 
point where the pressure is low enough for the 
clissolved gases in the glass to cause the melt to 
vesiculate.) Many other similar esitmples of 
ring-wave flow ridges on socla-lime and borosilicate 
glasses have been observed. 

Ring-wave flow ridges, strikingly similar to 
those exhibited on Australian tektites, have been 
produced on both synthetic ancl natural tektite 
glass by ablation in the arc jet- Rather than to 
consume unnecessarily the valuable natural 
tektites, many of the experiments were conductecl 
v&,h s-mthetic tektite glass. Two slabs of 
synthetic tektite glass were procured &om the 
Corning Glass Company under specifications of a 
composition corresponcling to that of the average 
australite. @!oclels were ground from pieces of 
the slab into the desired shape for testing in the 
arc jet- Chemical analysis of the spthetic tektite 
glass, liincllp made by F- Cuttitta and M. Cmon  
of the US. GeoIogical Survey, showed it to be very 
close to the specZecl composition of average 
Australian tektite glass (see appench A for a 
comparison of the synthetic and natural glass 
composition). Front views of two ablatecl shapes 
proclucecl in the arc jet by hnervelocity aero- 
d ~ a m i c  ablation of €he synthetic tektite glass 
are shown a t  the top of figure 5 ;  shown for com- 
parison at  the bottom are the corresponding views 
of two Australian tektites (in the British Museum) - 
The striking similarity between ring-wave florr 
ridges on artificial and natural tektites is evident, 
and requires no further comment. 

hasmuch as wavelike flow ridges me proclucecl 
under conclitions of extreme aeroclpamie heating, 
such as are encountered cluring entry at  cosmic 
velocity into the earth’s atmosphere, it  might be 
anticipated that recognizably similar wa-re pat- 
terns also would be exhibited on some meteorites. 
This espectation is indeed confkmed by observa- 
tion. In  the course of examining the various 
European and US. meteorite collections referred 
to in the IWTRODUCTIOS, meteorites with 
wavelike patterns on their fusion crust were 
continually searched for, and three were found 
among the hunclrecls examined: NedagolIa, 
Orleans, and BugaIcli. Neclagolla is a 4.2-kg iron 
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(a) Front surface of s-mthetic tektite $ass after aerody- 
namic abIatiou in arc jet. 

(b) Front surface of Aiistralian tektites; British Museum 
collection. 

FIGCRE Ei.-Comparison of artificial and natural systems 
of ring-wave f l o r  ridges. 

meteorite which was observed to fall in IncIia and 
is housed now in the British illuseum; it e-xhibits 
abundant wavelike flow ridges (fig. 6(a)), though 
they do not form a sinpIe s_rstematic pattern, 
presumably as a consequence of the t tunbhg 
fight and irregular shape of this meteorite. 
Orleans (not shown) is a rather large stone 
meteorite of roughly 25 s 30 s 40. em climensions, 
which fell in France and is now housed in the 
Vienna Xuseum; it is one of the relatively few 
examples wherein tumbling in flight cIicl not occur. 
Orleans exhibits three thin waves of flow ridges 
spaced several centimeters apart, disposed essen- 
tially normal to the flight clirection and situated 
considerably clomstream of the stagnation region. 
These waves can be traced around most of its 

629646-42-2 

periphery. Bugaldi is z?t 2-kg iron meteorite 
which fell in Aust,ralia; it is represented in cast 
form in the British Museum, and exhibits nearly 
concentric wavelike flow ridges emanating from 
the stagnation region (fig- 6@), a photogmph of 
the origganal>. 

A close examination of surface details rereaIs, 
as woulcl be e-xpectecl intuitively, that the waves 
in t*he melted layer have propagated in a direction 
essentidy transverse to the lines of the ware 
crests. This is the case for both meteorites and 
tektites. A close-up of the wave pattern on 
BugalcLi, for example, as shown in figure 7(a), 
exhibits a number of threadlike streamers which 
soliclified in their path transverse to the waves. 

EDAGOLLA I I E I I cm 

--"*" f b )  L _  - 27280. f 2 
(a) Nedagolla irou, 4-51 kg. 

(b) Bugatdi irou, 2 kg. 

FIGERE 6.--Meteorites exhibiting m-ave-Iike flow ridges on 
their fusion crust. 
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(a) Bugaldi iron meteorite. 

(b) Hollow button australite. 

FIGURE 7.-Close-ups of radial flow direction indicators 
running transverse to  xyave ridges. 

The streamers emanate from the direction of the 
stagnation region. Thin radial lines emanating 
from the stagnation point are apparent on the 
larger Java tektite in figure 1 and are discernible 
on some of the Australian tektites reproduced 
therein. These radial flow-dkection indicators 
are more evident on the australite close-up in 
figure 7(b). This latter tektite was cliscovered on 
Kangaroo Island, described by Steltxner (ref. 7)' 
and photographed by Suess (ref. 5). The radial 
flow lines on tektites do not represent threadlike 
streamers of melt which have solidified in their 
tracks-as in the case of the Bugaldi meteorite- 
but represent glass stria lines just beneath the 
surface which have been exposed to view by an 

etching process during the many millennia of the 
tektites' terrestrial life. The net result, for 
both tektite ancl meteorite, is to show that  the 
surface melt has flowed radially away from the 
stagnation point in the direction of wave propaga- 
tion, precisely as is observed in the arc j e t  when 
tektite glass ablates under conclitions of extreme 
aerodynamic heating. 

FLANGES ON AUSTRALITES 

Intrrnally coiled flanges are observed around the 
circumference of tektite glass ablated in the arc 
jet, just as are observed around the circumference 
of button-type Australian tektites. That the 
circumferential flange around australites rep 
resents a solidified toroidal vortex of molten glass 
is clearly revealed by meridional thin sections of 
tektites ( D u m  (ref. 2) ,  Baker (ref. 18)). An 
excellent example of this is reproduccd in figure 
S(a), taken from plate X of Balirr's treatise 

3 
I cm 

I 

'1 
! 
I 

A-27281.la 

(a) Meridional thin section of australite button (Baker). 

(b) Meridional thin section of tektitc-glass model ablated 
by aerodynamic heating. 

FIGURE 8.-Sections illustrating coiled circumferential 
flange on Australian tektite and on tektite-glass model 
ablated in arc jet. 
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(ref. 14). The orientation of this section is 
such tha t  aerodynamically stable flight would be 
vertically downward in the figure, and the stag- 
nation point would be at the intersection of the 
front surface and the polar axis. For purposes 
of comparison a thin section of a tektite glass 
model ablated in the arc jet is shown corre- 
spondingly oriented in figure 8 (b) . Tnternal 
coiling is cvideiit in tlie c~ircumferential flange 
of the model subjected to  liypervelocity ablation. 
Due to the radial air flow oulwarcl from the stagna- 
tion point, the aerodynamic shear and pressure- 
gradient forces act  in the tlkection compatible 
with the observed direction of turning within tlic 
fliiiige. I t  is noted that the sIi:Lpe of the  gliiss 
iiiotlel of figure 8(b)  origiiidly wiis ti Iriis when 
pl:icetl in the :ire jet; t i  leiis correspontls to tlie 
sli:ipc which would mist i n  flight at t l i r  iiist a t i t  
: i l ' t ( ~  fl:iiigc \vas slietl froiii :L tektite t l i t i t  origi- 
11:iIly was ti sp l ic~e  bel'ore ciitry into t l i c  :itoiiios- 
p h ( w .  'rhe fl:lngcs on most iiustralitcs rq ) r (wn t  
sthc*ontl gencr:ition (or higher) acc111iiu1:~tion~ of 
l l l c l t .  

While it is cvidcnt tli:it the tirtific-id product 
exhibits flange coiling sitiiihr to tlic nntural 
tc.l.;tite, soiiio of the details of the coiling tire not 
thci s:inie bctwc~en the two. Fine tliflt~reiicc~s in 
tlctiiils of stria(. coiling :ire not significant, RS no 
two :illstrillit(> fltinges :we rililw in such tlcttiils, 
1)ut t lie ovcr-:ill tliffcrviicc i n  fliitige sli:ip(> is sig- 
iiifictint. 7'l ic  fl:irige t):isc is roiind oil t l i c  :irtifivi:il 
tektite, w1icrc~:is it is ixtIi(1r flat  on t l ie  austrdite. 
'I'his differencc is to be expected from t l i c  t l i f -  
fcrence in relative body force in the two c w e s .  
The nrtificicil fl:inge wtis protluced i n  IL vertic:tl 
tire jet wherein the grrLvit:ition:il body force was 
insufficient to counterwt the  naturtil tendency 
of surface tension to form round flanges. T h e  
:iustr:ilite fltinge, according to the tit  iiiospliere- 
entry annlysis of ('hapiiitin (ref. 15), was pro- 
duced iiritler flight conditions wherein the  decelera- 
tion body force nt the t iiiie iiblrition tcwiiinated 
was between one and two orders of magnitude 
greater than the earth gr:ivit:LtionaI force. Under 
such conditions, surface tension is much less 
iinportant, nnd the flange bases so formed would 
be expected to be flittter than those formed under 
laboratory conditions. 

It is of relevant interest to note here tha t  the 
arc jet experiments did not produce coiling of the 
fl:inge melt nt the lower rnnge of ahlittion tem- 

peratures investigated. When the glass flow 
was relatively viscous and slow moving, i t  usually 
ticcuinulated in a few successive laps of thick 
inelt ; this type of flange formation was oherved 
when the nblntion surface temperature at  the 
stagnation point was less than about 2000" K 
(e.g., when tlie viscosity of tektite glass was 
greiiter than nbout that  of honey at rooni teni- 
perature). At somewhat higher teniperatures 
of tibout 2100 O K, the accuniultiting melt folded 
into a flange, thereby producing R coarse coil 
of essentially only one turn. The nuinerous 
coiled striae displayed in thin sections of australite 
f l m g e s  intlictite a history of repeated vortical 
c.ritwinings, i i r i d  hence a development from hotter 
tint1 considertibly less viscous melt than that 
produced in the present cxperinients. For the 
cd~wlnted  conditions of iiustriilite entry into the 
mwtli's :it iiiosphcre, the toriiperature of tiblrttion 
is i n  the r:ingc of about 2500" to 2800" IC, de- 
pcritling on t l i c  ctiitry angle tint1 tektite size; these 
Iiiglier tenipcr:itures :ire c-onsistent with the 
observation of :L more critwined coiling in the 
flringes on tektites from Austrnlia tlitin i n  the 
Ilringes on iiiotlcls froin the  present experiiiieiits. 

COMPARISON OF NATURAL AND ARTIFICIAL TEKTITE 

SCULPTURE 

A suni~ii:~ry coiiiptirison of the sculpturi~ig 
ohtt~inetl on t Iirec different tektite gl:iss models 
:il)l:itod i n  t 1 i c  :irc jet with that c.sliit)itetl on 
t l i r ( ~ \  diffcrc.rit Austriili>iti tektites housctl in the 
British ~ l u s c u i i i  is presented in figure 9. Arti- 
ficid products are on the  left, and naturtd tektites 
on tlie right. All tire shown enlarged to ti coiiiinoii 
size. Their : i c tud  di:iiiieters vary soiiiewhat, 
being 21, 16, iiiitl 22 i n i n ,  respectively, for the 
tirtificinl tektites shown in front, side, t ~ n d  bnse 
view and 25, 24, and 23 i i i i i i ,  respectively, for the 
corresponding natural tektites. The principal 
features of congruity in sculpture between natural 
ciustralites and nrc-jet :irt,ifiicts are visible here : 
the common presence of ring-wave flow ridges 
(front view a t  left in fig. g) ,  and the common 
existence of :i rolled-up toroidal flange tiround 
the circuinference (side and base views in fig. 9). 

DISTORTION OF INTERNAL GLASS STRIAE 

T n  ndtlition to the conforinity in external shape 
between Aiistrtdian button tektites and aero- 
t1yn:iinically tiblnted glttss, there also exists a 

I 
1111 I II I I I I  I 111 III1111 IIIIII11111 II 
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TE K TI  TES 

ll_i A- 28256 
FIGURE 9.-Comparison of three Australian button tektites (at bottom, now in British Museum) with three tektite 

glass models (at top) ablated by aerodynamic heating. 

conformity in internal structure. I t  has been 
long known that the australites were twice melted 
(Fenner (ref. 19), Baker (ref. 14)), the first time 
when parent tektite material was fused to foriii 
primary glass bodies, and a second time when 
these bodies were superficially heated in a special 
manner that left an internal record of its occur- 
rence within a thin layer beneath the front face 
of the australites. The first heating left an 
irregular, contorted striae pattern within the 
central-body portion (see fig. 8(a)). The second 
heating left the striae pattern within the thin 
frontal layer distorted in a very systematic 
fashion (see lower surface in fig. 8(a), a close-up 
of which is presented in fig. lO(a)). A s  will be 
seen, these systematic distortions are characterized 
by the same mathematical functions as those 
required by the theory of hypervelocity glass 
ablation, and are the same as those produced in 
the arc-jet experiments. To extract evidence 
from the characteristic thinness of this layer 
and to draw significance from the particular 

mathematical form of its systematically distorted 
striae is the design of the present section. 

RESULTS FROM ANALYSES OF GLASS ABLATION 

The inathemat i cd  analysis for aerodyriarnic 
ablation of glasses is in a suEciently advanced 
state of development to provide an explanation 
of the systematic alterations exhibited just beneath 
the front surface of the better preserved australites. 
When a rigid glass ablates under conditions of 
extreme aerodynamic heating, the only region 
substantially affected a t  a given instant is a thin 
layer beneath the front surface, as sketched in 
figure 11. The aerodynamic forces induce rapid 
radial motion of melted glass outward from the 
stagnation point, removing by liquid convection 
the rapid energy input by aerodyiarnic heating. 
An analysis appropriate for determining accurately 
the amount of glass convected away during abla- 
tion would require thorough consideration of the 
relatively complicated transient phenomena en- 
countered during atmosphere entry. However, an 
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(a) Close-up of thin layer of second period melting on 
aiistralite button illustrated in figure 8(a). 

(b) Thin fusion crust on Ashdon stone meteorite. 

FIGGRE 10.-Thin layer of second-period melting on aus- 
tralite, and thin fusion crust on stone meteorite. 

anal>-& appropriate for revealing (1) the char- 
acteristic thinness of the aerocl-pamically heated 
glass lager, and (2) the functional shape of the 
clistortecl gIass striae can be much simpler. The 
relatively simple equations for quasi-steacly glass 
ablation, as developed by  Bethe and Aclams (ref. 
20) ond bj- Aclnms, Powers, and Georgiev (ref. 21), 
ran be adziptecl for these two limited purposes. 
Some details of their analysis as applied to  
australite entry are cliscussecl in appericliy B. 
Here only the end results are consiclerecl. 

The characteristic th ichess  6 of the melt layer 
in  the stagnation-point region for quasi-steady 
ablation uncler conclitions wherein the heat racli- 
ated from the glass is s m d  compared to the heat 
convected into it, is given bF the equation 

where Kis the t.hermal diffusivits of the glass, u, 
is the rate  of ablation (velocitF of recession of 
stagnation point), and n is a cliniensionless number 
characteristic of the glass ancl ctepenclent on the 
slope of the -c-iscosity-temperature curve; for 
tektite glass, 7~ is about 10. The above equation 
teIIs us, as would be expectecl, that  the lower the 
thermal clifFusivitFK, the thinner the meItecl layer. 
Of more significance to the present discussion is 
the result that ,  for heating rates typical of those 
encountered during orbital entry, the IaIer is 
very t lk .  A n  ‘Larder of magnitude” ronsiclera- 
tion for button t v e  australites, such as repre- 
sented in figure I-O(a), will serve to illustriite this 
point. The primary shape of such australites was 
a sphere of about 1 em radius, for which the dura- 
tion of ablation cluring entrF into the earth’s 
atmosphere a t  parobolic velocitr ancl a t  a 30” 
angle to the horizon, for example, is the order of 
10 seconcls (it wo~dcl be somewhat shorter for a 
vertical entm, and somewhat longer for a shallow 
entr-r). Since the amount of ablation a t  the 
stagnation point, as cleterminecl from the differ- 

---6------ 
Section of gloss sphere before ablotion 

- 
Hyperveiocity 

stream 

c 

_i) 

P 

Section during ablation 

FIGURE 11 .-Distortion of internal st-riee by aerodynamic 
ablation. 
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ence between original and fins! dimensions, is the 
order of 1 cm, os would be of order 0.1 ciii/sec. 
The thernial diffusivity of tektite glass (K)  is of 
order 0.01 cm2/sec, and n, as noted previously, is 
of order 10. Hence, 6 from equation (I)  is of 
order 0 .0~/0.1(10)=0.0~ ciii, or a tenth of a milli- 
meter. Since 6 represents the distwnce in wliich 
the melt flow velocity decreases by ti factor of 
2.718 (see wppendix B), i t  follows t h t  R f u i i t l a -  

nientd cliai-acteristic of :icrotlyiianiic:iIl~ abltitcd 
glass is that the entire flow of fluid glass is con- 
vected :LW:LV in ti t h i n  layer only i i  few tcnths of a. 
iiiilliiiieter thick. Unless tlic convected liquid 
iitlheres by surface tension to  the g h s  su ore i i i  the 
form of ti flange, the only aei~otlyn:itiiic;illy tlis- 
tortctl str iw reni:iiiiing with tlie telititc. would be 
confiiied to this tliiii layer. 

I I I  :in:ilyzing stritie dist ortions wit h i l i  t lie fro I i t wl 
layer of tektites, i t  niust tw recogiiizetl t h a t  i i  stii:L11 
iinioiint of gluss hiis been reniovetl froin tlic sur- 
fiicc of even tlic best preservod tiiist i-tllit cs by 
clieliiic:il etching and ~iicclianical ahiwling ovcr 
niany iiiillenniw of terrestriiil exposure. Tlic striiL 
tlisplti(~enient d, defined by the sltctcli i n  f igui~ 11, 
is an integral of the melt flow velocitJ- u piiixllel 
to  t h e  front surface. From the :indysis developed 
i n  appendix B, u i i i  the inner portion of the  melt 
layer varies nenrly exponcntinlly with y, the depth 
below the  fresh surface just after :ibI:itioii, and 
Iinenrly with T ,  tlic c1ist:ince froin the  stagnation 
point : 

U-xe-Ul6 (2) 

If tlie unlrno~vn :iniount of terrr>stri:ll erosioii is 
yo, :ind tlie exponential factor P - Y / ~  is written 
e-'o/6P-(u-Uo)/6, it is readily seen that, at any given 
z where yo is fixed, the glass flow velocity u varies 
exponentially with depth (y-yo) below the eroded 
surface, as well as exponentially with depth y 
below the original fresh surface. T h e  logarithniic 
decrement 6 is the saiiie for the two vtirintions. 
T h n s  t he  :iniount of teri*estri:d erosion does not 
:iffect tlie tlcteriiiination of 6 HS long :is :L sufficient 
portioii of the  :ic'i'otl?-ii:itiiic:ill~- distorted sti*i:ie 
still rctiiwins. 

By focusing attention on the inner portion of tlic 
thin layer distorted by acrodyiiiiniic heating, the 
melt velocity coniponent normal to the surface 
may be treated as sensibly constant, and the 
striae clisplacenient d turns out to be nearly pro- 
portional to the velocity u. In the outer portion, 

very near the original fresh surface, the norrii:il 
velocity component varies marlredly, and d varies 
with u in a manner iiiore coiiiplicated than simple 
proportionality (see appendix B). In  the inner 
portion, however, which is the only portion re- 
maining on weathered nustmlites, there results 

d-;L'e-v"16e- ( + Y o ) l 6  (3) 

I t  follows tli:it tlie viwi:ition of striae displaceiiient 
with tleptli for ti given ,r, wliere ti fixed but un- 
lrnowii aniount yo 1i:is been eroded, woultl he 
siniply 

(1 - e -  ( u - Y " ) / 6  (-1) 

whwc (y-yo) is tlie dcptli bclow the existing 
erotlctl surf:wc. By assuriiing t l i i i t  the erosion w'iis 
constant ovcr the  st2igiiiition region, tlie stri:Le 
tlisplt~ceiiic~iit do :it, t.lie existing surf:we (?/=yo) 
woultl v:ii.y :iccortling to equ:ition ( 3 )  siniply as 

do - .r ( 5 )  

111 suiiiiiiiii'y, t Ii(3oretic:tl c1iiir:wteristics of g1:iss 
abhtion by :wrodyn:iniic lienting require that the 
ablating region be confined to  only a very thin 
layer (eq. ( I ) ) ,  itnd t ha t  the striae tlisplticenients 
wit.liin the inner portion of this layer vary approsi- 
niatcly exponentidly with depth (eq. (4)), and 
linearly witli distilrice froin the stagnation point 
(eqs. (3) and ( 5 ) ) .  

THIN AERODYNAMICALLY HEATED LAYERS ON TEKTITES 

AND METEORITES 

A 1:iyer of tliiniiws coiiipar:il)lc to t h a t  espocted 
froiii tlieoix>tical consitlcixtions is es1iil)itetl near 
the front surf:ice of the  better preserved austrdites. 
An illustration of this is given by the section re- 
produced in figure 8(a). Froiii the close-up of a 
portioii of this section in figure lO(a), the layer of 
systematic distortions is seen to be about 0.2 to 
0.3 i n i n  thick. In riea- of the above cnlcu1:itions 
of 6, the obsr iwd tliinncss of this layer shows that 
the  swontl-pciiotl 1ic:itiiig rate wis of ii niiignit ude 
coiiip:ir:ible n-itli t t i a t  n-liicli would a l h t c  1 ciii of 
tektite glass i n  t l i c  order of 10 seconds. Aero- 
tlynaniic iihliition rates of sucti ni:igiiitudr cor- 
respond to flight vclocitics well into the  orbital 
range. 

A thin layer of aerodynamically fused material 
is also exhibited on meteorites- objects 1rno~v1-n 
to have undergone rapid aerodynamic ablation 
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tliuiiig hypervelocity entry into the earth’s atmos- 
phere. Since meteoritic stone, like tektite glass, 
has a relatively low thermal tliff usivity, tdie rapid 
ablation leaves only a thin fusion crust over the 
meteorite esterior. A typical example illustrating 
this is presented in figure lO(b), a pliot,ograph of a 
sliced portion of the Ashdoii chondrite in ttie 
British lfuseum. The cut was from a region of 
the front surface; it is of specaial aerodynamic 
interest since Aslidon is one of tlie few meteorites 
which retniiiecl a fised orientation without tum- 
bling (luring entry. Tlie fusion crust which 
scparat ed incantlescent tiir from iinafl’ected stone 
is sccn to be oii1~- about 0.4 mm thick. Judging 
from t hr c~nnpai*ably t hil i  layer tvdiil)ited oii the 
front sii1.f:uc.e of t t i r  tuustixlite (fig. 1O(a)), wr 
slioiiltl iiot bc s i i rp ikd  that i t  too lias cwtcwtl 
t l i r  r:irtli’s :itriiosplic.re tit a v t ry  liigli vclocity. 

Ail c~splitxl)lt~ t1ill’cwiic.c i n  uppratwic~r mists 
lwtwtwi  t lic at~t.otl?.ii:iiiiic‘:~lly I i w t c t l  l a y c ~ s  on 
mrtroi*itic stoiit ~ i i t l  oii trktite glass. ‘I‘lic tliin 
licat-nltcrctl l a y c ~  oil mctroritcs tlifl’vrs both in 
color ant1 in pliysicxl statc from ttic intwior ma- 
twial; wrtaiii of tlic stoiic miiicrnls w t w  liqiirfictl, 
ositliztd, t i i i t l  t l : ~ ~ ~ l w i i c t l  as tlicy wwe licatctl by the 
air, aii t l  t l i t > i i  snlitlifirtl into a winiglassy statc wlicii 
coolctl I-apitlly. ‘l’li(> corr.rsl)oiitliiiffly tliiii  laycr 
oii aiist i*alit vs, Ii,nvc~vci*, rslii1)its t tic. sti.iiic color 
a i i t l  s:im(’ pliysicxl s t a t t i  t is i t5  iiitc1.i.w iri:itc~i.inl; 
t(ilititc1 gliiss is :I mistii1.r o f  ositlcs, a t i d ,  h i n g  
i i l i ~ w l y  ositlizcbtl : l i l t1  : i l iwi t l?-  i i i  a supwcwltvl 
liquid statc, tloc~s tiot rtiaiigc its r1icmiistt.y or 

wtim t-oolctl rtipitlly. (’oiiscqiiriitly, t h e  cvitlcnc-e 
of past ac~rotlyiitiinic 1ic.ntiiig on mcteorites is 
visible opcitily oil tlic siu*f:ic.c, Init on tc.ktitcs it is 
coiiccalccl subtly within tlir iiitemal stiwc-tiirc of 
(list ort r t l  glnss st riar . 

A cvinptirisoii of the  striae displacrmt~nts oh- 
s r r v d  i n  nustralitm witli tlie cal(dntct\ tlisplnce- 
moiits for nt~rotlyiinmic ablation is quite revrnliiig. 
Fr ,m pliotograptiic. cnlargcmcnts of tlic t Iiin 
setat ioii in figtire s(a) ,  various measiirrmciits wcre 
matte of (1,. t tic striae tlisplaccmeiit a t  tlie surface. 
In figure 12(a) tlie results are plotted as a fiinc- 
tion of tlie distance s measured along the surface 
from tlie stagnation point to the striae location 
bcfore the distortion occurred. The latter loca- 
tion was tlctermined from an extrapolation in the 
manner illustrated by tlie sketch accompanying 
figure 12(b). Each data point in this figure 
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for hypervelocity aerodpamic ablation of a rigid 

A confkmation of the analytical variation of 
striae chplacement cl with dept.h y has been 
obtained from ablation experiments in the arc jet. 
In figire 13 a photomicrograph is presented of the 
striae clistortions near the front surface of a 
tektite glass madel, ground from an australite, and 
then ablated in this facility. An exponent*ial type 
of variation is suspected from a glance at  the photo- 
microgmph, and is conbmed by the plot in figure 
14. The measured cIistort.ions inclicatecl by data 
points correspond to the most prominent stria in 
figure 13, and agree well in the inner portion of the 
layer with the simple exponential variation. In 
the outer portion, very near the surface (y<O.Ol 
cm, appro-ximatel-y) , the measured displacement 
departs from the simple exponent.ia2 in the es- 
pectecl manner, but agrees well with the more 
complicated function derived in appendix B. 
The logarithmic decrement of 6=0.01 cm over 
the e-ponent;ial portion in this particular case is 
so close to that of the australite (6=0.011 em), 
ancl the striae displacements are so similar to 
tnose of the austraLite (bracketed re@m in fig. 

glass. 

a 
S --Region o f  

, I , , photomicrograph 

Arc-jet stream 

-0 

1-1 mm -1 
FIGURE 13.-Photolllicrogaph of s ” h e  distort.ions near 

surface in thin section of tektite glass abIated in arc jet. 

8 Meosured displacement 
-- dee-Y/.OI 

0 .o I .02 .03 .04 .05 .06 
Depth below surface, y ,  cm 

FIGURE 14.-Comparison of stria displacement measured 
on tebfite glass ablated in arc j e t  with exponential 
variation- 

1O(a)), that a clirect comparison of the two can 
be fairly- macle. Such a c3mparison, as shown in 
appendix B, inclicates that appro,dmately 0.12 
mm of glass has been removed from t-he front 
surface of this particular australite, undoubtedly 
by the etching mcl erocling agents to which it has 
been subjected during the many years of its 
terrestrial exposure. 

The photomicrograph in figure 13 corresponds 
to a model that. was ablated under temporally 
vaqying test conclitions: as time progressed cturing 
this run, the velocity of the arc jet was decreased 
steadily while the pressure mas increased simul- 
taneously. Temporally varying conditions of this 
t.y-pe exist during an entrr Night. The eqonential 
clistortions of glass striae also have been observed 
in models that were ablated under constant test 
conclitions. 

The existence of systematic striae clistortions 
confined to a very thin layer beneath the front 
surface of australites, represented by an eqonen- 
tial rariation with depth below the front surface, 
slnd by a linear vuiation wi th  clistamce from a 
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unique point, show that the ablation was by aero- 
dynamic heating on a rigid gIass, and not by aero- 
dynamic pressure on a soft  glass (the latter would 
have distorted striae systematically to depths of 
“eters or centimeters, instead of the tenths of 
millimeters observed). Any apprehension that. a 
rare coincidence may be involved in the single 
australite analyzed here clisappears when the con- 
gruity of tektite shapes 6 t h  aerodynamically 
ablated glass is recalled, and when the remarkable 
aerodynamic stability of the Australian tektite 
conflg“tion is considered, as explained in the 
section which follows. 

AERODYNAMIC STABILITY OF AUSTRALITES 

It is the purpose of this section to survey some 
statistics on the classification of australite shapes, 
to  record the percentage of aerodynamically stable 
ones, and to esplain the reason for the remarkably 
high incidence of admirable aerodynamic codgu- 
rations found among these tektites. 

While there are many thousands of australites, 
there are only a relatively few categories of shape 
into which almost all of them may be classified. 
These are sketched in @re 15. The tabular 
values that follow are based on a classiEcation of 
about 8,000 australites by Baker (ref. 2.2) from 
the combined Victorian, Xdarbor  Plain, and 
Charlotte Waters areas: 

T w  Percent 

13.2 
- 7  

6. 8 
2. 0 
1. 3 
2. 7 
1. 1 

98. 6 
__ 

Aberrant forms _ - _ _ _ - _ _ - - _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  1.4 
Grand total  _ _ _ _ _ _ _ _  ~ - - _ _ - _ _ _ - _ _ _ _ _ _ _ _ _  - 100.0 

These nine shape groups are seen to comprise 98.6 
percent of all complete forms studied. The 
remaining 1.4 percent represents aberrant forms, 
such as “crinkly tops,” c L b ~ ~ l ~ , J 7  and “aerial 
bombs” that are not readily amenable to aerody- 
riamic stability studies. It is noted that australite 
fragments are not included in  the tabulation above 
inasmuch as the complete form of which they are 
a part often is uncertain. 

FIGGRE 15.-Slietch of principal austraLite shapes [side 
views). 

For purposes of discussing aerodynamic sta- 
biJit-y, several of the australite shape categories 
can be combined. Lenses, for esample, are 
merely buttons with flanges broken off (Fermer 
(ref. 19), and Baker (ref. 14)). Several stages in 
the fragmentation sequence of button to lens are 
illustrated by the specimens photographed in 
figure 16. While perfect buttons are found rarely, 
buttons with flanges partiaIly broken off (e.g., base 
view (a) fig. 16) are found more frequentlF, 
though still only occasionally, whereas lenses with- 
out my appreciable flange attached (e.g., side 
~ e w  (b) and four specimens in the lower row of 
fig. 16) are found commonly. This preponderunce 
of lenses is readily understandable in view of the 
precariously thin neck connecting flange to lens 
core, so thin that complete flanges (eg., (c) in fig- 
16) sometimes have separated cleanly from their 
central body and are found intact. 

Insofar as qualitative considerations of aero- 
dynamic stability are concernecl, the round forms 
can be combined with orals. Thus, the h t  
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FIGCRE L6.-TTarious stages in the fragmentation of but- 
tons into lenses; from austraiites in British Museum 
collection. 

three shape categories listed above Oenses, 
buttons, and ovals), comprising 83.9 percent of 
the total, are represented in cross section by the 
following sketch. The ring-wave pattern serves 
to identify the front surface, to locate the stagna- 

- _  .-- - 
A 

tion point S, and to fix the australite orientation 
relative to the direction of motion. Configura- 
tions such as sketched are h o m  to possess a 
high degree of static stability in pitch and yaw, 
although none in roll. The aerodynamic frictional 
forces acting over the front surface, as well as aII 
forces acting on the base, are entirely negIigible 
compared to the normal pressure forces on the 
front face. Hence onIy d e  latter need be con- 
sidered in illustrating why such a configuration 
would tend to return stably to the orientation 
sketched at  the left if it were accidentally dis- 
turbed to the orientation sketched a t  the right. 
Because the front arc of each meridional section 
of these particular austrdites is nearly that of a 
circle, the vectors representing normal-pressure 
distribution all pass through a common aero- 
dpamic center point ax.  which is we11 aft of tthe 
center of gravity c.g. iuso, the integrated force 
3’’ acting on the upper half O A ,  which is clisposerl 

relatively normal to the stream, is larger than the 
corresponding force F, acting on the more inclined 
lower half OB. Hence the unbulancecl pitching 
moment about the c.g. tends to restore the (lis- 
placed attitude to its original position, and the 
configuration is statically stable (to a high degree, 
in fact). 

For objects of tektite shape there is little in- 
herent aerod-mamic damping, and a statically 
stable configuration of the lens or button type can 
fly with oscillatory motions that are either of con- 
vergent, divergent, or constant aniplitucle, depend- 
ing on the flight trajectory- A cletailecl e-qosition 
of the reasons for this is given by M e n  (ref. 23) 
and Tobak and Allen (ref. 24). Only their end 
results are utilized here. E a statically stable 
australite were to ascend along an exit trajectory 
from the atmosphere, for example, divergent oscil- 
lations would be expected; if  it. were to fly hori- 
zontally with steady velocit.y, constant-amplitude 
oscillations would be e-xpected; however, if it. were 
to descend dong an atmosphere-entry trajectory, 
rapicUy convergent oscillations would be exyected. 
The transient aerodynamic forces Thich can rap- 
idly diminish oscillations during a descending 
entry act like a damper, although not as a conse- 
quence of any viscous clissipation or of any in- 
herent aerodynamic clamping. This clamping-like 
effect of the temporally increasing aerod_mamic 
forces is loosely termed “d -yndc  stabbilitf’ 
herein; it exists cluring the initid portion of un 
entry trajectory prior to the attainment of peak 
deceleration. A close analogy to this effect mould 
be the climinishing oscillations eshibited by a 
spring-mass system when the spring restoring 
force increases with time. Once peak deceleration 
has passed (when d e  velocityis reduced to roughly 
haIf the entry velocity), cl-pamic instabilities 
could reappear before the entry is completed. As 
it turns out, though, the ablation of a highIy refrac- 
tory material like tekt.ite glass, when entering the 
earth’s atniosphere a t  near parabolic velocity, 
occurs during the early portion of the entry and 
=hes about the time peak deceleration is 
reached. Under these conclitions ablation occurs 
$hen the aerodynamic forces increase rapidly with 
time and thereby provide dynamic stability to  the 
statically stable shapes. Consequently, the 83.9 
percent of australites which are either lenses o r  
buttons, round form or oval, represent confipra- 
tions that would be aerod-pamically stable during 
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the ablative portion of a descencliiig flight into the 
atmosphere. 

The high aerodyiiaiiiic stability pertains to 

direction; acrodynaiiiic forces would provide no 

flight -path axis. What ever angular iiio t i i  e ti t uiii 

about the trajectory axis which a tektite tiiay have 
before entry would be essentially conserved during 
entry; hence ti possible rolling iiiotion of the but- 
tons nnd lenses cannot be dismissed froin cotisid- 

:,L - angular motion about any iixis noriiial to the flight 

stabilization or daniping of a rotat,ion ctrouncl t,he 

I 

4 
: Ucm:: 

E272$12 
Q " ?  

FIGCRE 17. -1)iiinhhell australite with complete flange; 
from I>nnn's collection in British Museum. 

I 

eration of aerodyn;tiiiic stability alone. Any roll 
component to the inotion must have been stiiiill, 
liowever, as Bnker (ref. 14) notes, since the striae 
flow lines on the front surface of aiistralites :ire 
radial and not helical. 

The twrodyntiiiiic stability of :iustrnlite shitprs 
during the ltitcr stag's of itti entry trajcctory iiccd 
not bc of concerti Iic1r.c. At the point, i n  a 1 1  e t i t i y  

trajectory whckrc ttb1;itioti of tektite glass ce:ises, 
the  velocity would still be well iii t.he hypersonic 
rcgitnc. As the velocity contitilies to  decr(wse, 
and the supersonic, transonic, arid subsoiiic rcgimes 
are successively passed through, thc aust.r;tlite 
sliapc ttiay indeed become unstable, or perhaps 
cvm tuinblc, hu t  such behavior at  these lomcr 
velocities would not be rcflected in the sliiipe found 
on the groittitl. The glass nielted 1)- :ic.rodyri:iiiiic 
heatirig would Iiavc bcc.11 solitlified before tiny 
dyn:itiiicnlly iiiist;ible coritlitiotis :issoc.i:Ltetl with 
lowor speeds could be eticountcrcd. 

Turning now to :L tliffcrctit sliripc c:itt.gory, t l i c i  

cores, reprcsciitiiig 0.7 pcwent of the c1:issifiecl 
shapes, Feiiner (ref. 25) liiis shown that these :we 
nothing iiiorc thtin fat lcnses which I I R V C  Iincl 

t ~ n d  front regions. A fat lciis is ;terotlyi~:~iiiie~illy 
st,nblc, just :LS is :I thin lctis, thoiigh to a lesser 
degree. O v d  cores exhibit thcir equatorial sprill- 
iiig syiiitnctricnlly around their longest periphery, 
in htwiioiiy with the orientat ion reqiiircd for 
stablc flight. 

In regard t.o the eloiigrLtcc1 sliiiprs -thc boats, 
duniibbells, and cnnocs-it should be not.ec1 nt 
the outset that  the coniplete forins in this category 
exhibit either a second-period melting pattern, or 
a related spallation pattern, disposed over their 
broad face, and never, for example, over a narrow 
end. Three views of a flanged dumbbell are 
shown in figure 17, to illustrate this point. The 
observed patterns are precisely the saiiie as would 

1 

r soiiir tiiatcrid s p l l  awny from thc equatorial 

be expected froin aerodyn~iniicnlly stable flight 
at a hypervelocity. If the axis of the elongated 
foriii were ncridentcilly dined in the flight direc- 
tion, it would be highly litistable and forced back 
to tlic stablc attitudc of high tlrng wherein both 
the long ditiieiision nnd the brontl face are noiviinl 
to t h c x  flight clircctioti. Some typical cross sections 
triiiisvvrse to t h e  long tlittierision of elongated 
forins, ;is figured by Bwlicr (ref. 14), arc n s  follows 
(flight direction from right to left) : 

aoot  Dumbbell Canoe 

Tlicw sections rcfiwt t l i c  s i i t i ic  I'cwtutm of awe- 
(1yi:ii tiic st iibility :ts t I i c  corrcxspoiitlitig s ( ~  t ion 
of lctiscs a t i d  but tons, ii:itiielj-, :I nearly circular 
front of such curviiture ILS  to pliice the aerody- 
namic ceiitcr well aft o l  the center of gravity. 
Thus, the elongated forins, comprising 10.1 per- 
cent of the total, repiesetit aerodynrttiiically sttible 
configurations, just as do the buttons titid lctiscs. 
While thc st :ibiIiziiig :itrotlynntiiic forces would 
oppose any inclination o l  the  long axis towiird 
the direction of flight, tis wcll as any pitching 
motion of tliis long axis, tliey would not oppose 
a rolling-type iiiotioti about the flight-path axis. 
Some of the elongated fortiis tiiuy have flown in 
the fashion ol a slowly turning propeller. Evi- 
clencc that the helix mgle must have been small, 
however, is given by the absence of any spiral 
coiiiponent to the flow pattern on the front face. 
On the elongated forill illustrated in figure 17, 
the flow ridgcs are very clear, butgive no suggestion 
of a spiral coiiiponent; they do indicate, however, 

I , ,  ,11111 I,, I 3  - 1  I I 111 I I I I I 1  111111 111 I I 1  mlIllll.1.11 I I I 111111.IIIII.III 1 1 1 1 I I I I  I l l l 1 1 1  I ' I1 I1 I I 1  IIII I I I 1  I I 111 I I 
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that  the slightly larger end of this dumbbell 
leaned a little into the stream. A slightly leaning 
attitude of this type is, in fact, the aerodynami- 
cally stable orientation for such a configuration. 

Coniplete austrtilite teardrops and disc forms 
also exhibit a pattern of second-period melting 
wliicli is fully compatible with aerodynaniic 
expectations. A te:irdrop in hypervelocity fliglit 
will trim with its tixis inclined to the  flight direction 
tit tin angle which is dependent on the length- 
diaiiieter ratio. There are no ctises kiiown to the 
authors in wliicti t i  second-period melt pattern, 
or a secondary spdlation pat tern, is disposed 
about ti tetirdrop in N iiitiiiiier thtit would imply 
riiotioii in an aerod?-iininically unstable attitude, 
such tis pointed nose first. Siiiiilwr coiiiiiieiits 
tipply to the  disc forms. They linve clearly cx- 
pericriced i~ secorid-pci*iotl riieltiiig in the iicro- 
tly~i:itiiic;illy stable itttitude for i i  disc, iiatiiely, 
with disc axis p~r111Ie1 to,  and bronc1 face fwing, 
the flight direction. Tektite discs with rouiitltd 
edges nrc' stntically stable in Iiypervelocitj- flight, 
ant1 liencc tlynaniical1~- stable while nbhting cluriiig 
an entry trajectory. 

From the  above it is seen that t l i c  iiiiie priii(*ipil 
shape types, coinprisirig 98.6 percent of the coni- 
plete fornis classified, represent configur~:~tioiis 
which would be :icrotl~-iiwiiiic:~ll~- stable ivlic~i 
entering tlie atiiiospliet*c in tlie uiiique attitutlt. 
which is coinpatiblc with the psi-ticular second- 
period melt pattern observed on e:icli type. This 
reniwr1~:ible score contrnsts drasticiilly with the 
corresponding score for meteorites, only i i  felv 
percent of which Iiave traversed the titniospticrc 
tis ae[.otlS-riainicnlly st able objects. The prevalwc*e 
of stable australitcs is attributablc partlj- to tlicii* 
regulwr sli;ipes before entry, unt l  partlj- to t l i c  
inherciitlj- stable fortiis wliich sucli slinpes take 011 

:is sooii :is abltition Iwgins. Thc  in t iny  thous:iiitl 
well pt~cwt~vtd austidit cs c1c;iily i.cvc:il t h a t  tho>- 
w ( ~ r ( ~  f o 1'1 I  i e t  l fro I i i 1) ri I i i  ; i r ~  SI I : ipcs n-I i i c I1 :I I T  

fiputx~s of rprolatioii. (Scc Fciiiic~r (wf. 19) :iti(L 

B:ilwr (wf. 14).) I tiiti:ill?- iiiost JWW split~i~cs, :I 

s ti:ipc> \v I t i ( 8 1  i has 110 prof crrwl a ~ r o t l  j-1 i i i  I i i  i c o ric. I i - 
tatioii u t i t i l  :ihl:itioii hcgiiis. I f  i i  splici~c w e i y ~  

initially turiiitig about sotiic aiis, it would con- 
tinue to turii until nicltitig sttirtcd :it soiiie point. 
As soon :IS the melt flowed bnck, however, tlic 
dccre:isctl curvature of tlie front, and thr :ic- 
coiiipiiiiyiiig re:iriv:irtl nioveiiieiit of tlie aero- 
dynniiiic center, would result in :I preference for 

the orientation which happened to exist when 
ablation began. Any turning motion existing at 
this time would be converted into n rapidly sub- 
siding wobble by  the stabilizing action of the 
aerodyiiaiiiic forces; soiiie of the austrttlite but toils 
with spiral ring wtives may correspond to such 
cases. 

CONCLUDING REMARKS 

A pnst history of extremely high aerodyiititiiic~ 
heating riites 011 the Austrtilitiri tektites is re- 
vetiled bj- (1) the presence of ring-wave flow 
ridges i ~ r i t l  coiled circuiiiferentid fl>iiiges which tire 
reproducible in the  aerodynaniic laboratory, b y  
(2) the existence of i t  very thin layer--as thin :is 
the fusion crust on iiieteorites- of systeniatictilly 
distorted glass striae which also >ire reproduciblp 
in t he nerod~naniic liiboratory, and  which :ire 

describable through precisely the siitiie n i a t l i c t i i ~ ~ t -  
ictil fuiic~tions :is appe:ir in the theory of aerotly- 
nai i i ic  ablrition, ant1 bj- ( 3 )  the c1i;ir;icter of their 
esterlid shapes, iiliiiost all of ivliicli, wlieri oriented 
in the particular iiiitliner that is compatible with 
the attitude deiiiimded by the  ring w:Lves ttntl flow 
lines on the front fiice, represent configurations of 
static t ~ n d  d?-n:miic stability during a. descendin!] 
entrj- into the nttiiosphere. These features con- 
stitute conclusive evidence that the wustralites 
have ciitcred the earth's :itiiiospherc as rigid g1:iss 
objects and have experienced nb1:ition by  estretiic 
aerod?-n:itiiic hentiiig in hypervclocity flight. 

('ertnin of the Java tclitites also rxtiibit t r d c -  
innrli features of arrotlj-ii:iniic ablation. A t l i i i i ,  

siiiootli, semigloss?- layer 011 oiic side o n l ~ -  of nri 
otlicrwisc rough 01' bubble-pitt et1 tcktit e has been 
obscrvotl l)?- the  senior author oii ovci' a h u i i t l t w l  
sni;ill javanites in t l i c  collectioti of G.H.R. voii 
Iiociiigsndtl. Bccviusc of their s~ii:ill sizc (gcii- 
crwlly lcss t l i i i i i  1 cni tliatiietcr), oiily the lwrgcst fcw 
esIiiI)it ritig-n-:ivc flo\\- ridg.es. Tlic?- (10 iiot (ix- 
11 ihi t c i  ~ * u i  i i  I'ervt i t i:il f1:i rips: t I i(w1 1 q  uirc :L (TI.- 

t;iiii  (~otiiI)in:itioii of slwciial shapw, s p e d  sin's, 
and speci:il ciitrj- coliclitions not gcncrally to bc ex- 
pectctl. 11my j:iv:initm, lion-cwr, c*xliil)it on tlic 
seiiiiglossj- laycr t l i c  tel1t;ilc radi:il flow lirics 
eiii:in:itiiig from u cctit ral point ~vliich is coincitlcnt 
137itli tlie stagnntioii point for st:ilde wrodyri:~tiiic 
flight. Other evidciice for Q second 1ie:iting of the 
javunites, :is noted b?- Yon Iioenigsudd (refs. 26, 
27, 28, :md especially ref. l l ) ,  is coiit:iiiicd on sotiie 
fragtiicnts posscssiiig one surface sculptured lilic n 

: 



inet,eorite and rounded a t  the edges, suggesting 
frngrnentation during flight. In  this connection, 
i t  appemrs relevmt that Bnrnes (ref. 29) recently 
has observed in thin sections of two javanites (and 
also one inclochinite) a deni:ircated surface layer of 
strain, which he interprets tis evidence of a second 
heating. The over-all evidence leaves no doubt 
tha t  the Java tektites, as well as the Aust.ralinn 
tektites, have experienced :ibl:it.ion froin severe 
nerodyntitnic heating. 

Decisive evidence of aerodynamic ablation is 
apparent today in only a portion of t.he various 
tektite groups. To tlie authors’ knowledge, no 
beditisite or nioltltivite, for ex:Lniple, cishibits evi- 
dence which detnonstrtibly is iierotlyniiiiiic in 
origin. Btirncs (refs. 29 :mcl 30) tmd lirinov (ref. 
I) ,  :itnorig others, htive c~onc~lutlcd that tlie sculp- 
turc of thcse tektites is ;ittribiit:il)le to clicriiicril 
:ind tiieclitmi(d erosion. Suc.li :L conclnsion, liow- 
ever, tlvfinitcly does not c~scliitlc the possibility 
t h a t  tlicsc two tcaktitc K ~ O I I I J S ,  like those frorri 
Austt.:Lli:i :itid tJ:~v:i, I I I L V C  cntorctl t he  eartli’s :it- 
~nospliere t i t .  :I Iiypcrvcxlocity :ind hiive c~spcricncetl 
acro(1yi:iiiiic ii1)liition sonietiinc in the  past. Tlie 
great age of these telctitcs tint1 tlie cliiir:ict(>ristic 
thinricss of an :icrotl?;tintriic:ill~ :il~l:itecl lriycr pro- 
vide t i n  explti ntition for this possibility. Froin 
iiieiisnr(~tiients of t l ic  titnolint of rntliogcnic pot:is- 
sium rind :irgoti, Gent tier tint1 Zahringc~r (ref. 31) 
1i:ivo tlrtluccd :in :q(, of 29 tiiillion ?-(wI~s for t t w  
bcdi:isitcs, : i t i d  9 tiiillion ?;cw.s for t l i c  irioltliivitcs 
Studies of the gcologicd otivironiric~tit of tticsc 
tektites litive intlictit,ed ( ~ v e n  older ages. It is to 
he expected, t hen, t htit :inp record of :icrodyi:iniic 
ahl~ition, which nccessarily is confined to  n thin 
surfwe layer, :ind which once ~ R J -  1i:ive covered 
the hetliasites tint1 niol(liivites, would long ago 
have been obliterated by agents of clicniical arid 
nieclirinical erosion acting over their n i i i i i y  inillion 
years of t.errest rial exposure. The absence today 
of wrotlyniiniic scnlptiiring on such :incicnt tek- 
tites docs not preclude an wrodynmtic pt~st,. 
Convcrselp, the presence today of aerotlynnniic 
sculpturing on only a portion of the younger tek- 
tites, wliicli have :L cottinion radiogenic age of 0.6 
million years, and which are found in Australia, 
Indonesia, Indochina, South (%ins, and the Philip- 
pines, does not preclude t lie presence of such 
sculpturing on all of them at sonietinie in the 
past;  even the best preserved group of these 
younger tektites - the australites - are worn 
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enough tind old enough that terrestrial agents in 
niost cases have either tlitiitned or renioved the 
thin outer layer to which serodynnniic evidence is 
confined. 

From the vtintage point :it tnined now through 
direct euperiniental evidence, a clear piclure can 
be fortnulated of the physical conditions which 
produced the remarkable sculpturing on the 
Australian tektites. In comparing this picture 
with the niultitude of theories advanced in past 
and current literature, the various nonaerodynaiiiic 
hypotheses inay be disregarded, and, among the 
various aerodynamic hypotheses, several niiscon- 
ceptions of the ablation process inay be perceived 
and cltirified. One misconception stems from the 
nssutnption that tektite ciblation can be described 
by the eqiiations developed for meteor physics. 
Bectiuse of their relatively sninll size :ind high 
w t r y  velocity, niost meteors iihliite miinly by 
clviiporation in free tnoleciile flow, wliere:is the 
1:itgcr atid slower iiitstrtilites have abliitcd t n i i i i ~ 1 ~ -  

by iiielting in liiininar continuum flow. Sinw 
the p1iysic:il processes are entirely tliff erciit for 
tliese two types ol :ihl;ition, nntl since tlie 1ie:iting 
rates for the two types of flow (at the pcrtinc>tit 
Rt~ynoltls niitnbers involvcd) arc of tliff c w n t  
orders of ningnitiide, (dciilations which :ire 

11:ised solclp on the equations of meteor :ibl:ition 
tire not npplictihlc to  tciktites. By the use of 
sucli equations in rcfcrcnce 12 ,  for (>wnipl(>, i t  has 
1)cen conc~lutlcd incorrectly t hiit t cllctit e :ibl:Lt ion 
tnkcs p1:icc i i ih i ly  by cv:ipotxtion. rict~iiilly, 
tlw tiiti~s of tclctitc glass cv:iportitccl (tletc~rtliiticd 
from 1)wl;ince nieastiretnents in the present esperi- 
ments) is sinal1 conipnred to the I ~ R S S  melted, as 
required by the calculations of australite ablation 
in 1;ittiin:ir continiiuni flow (ref. 15). Other inis- 
conceptions concern the supposition that tlie 
aiistrnlitcs either were soft when sculptured by the 
air, or were slowly heated, deeply nieltcd, imd 
tlicrcby nbliited in a tnanner essentially different 
from that of meteorites: in the past, without 
esperitiients on aerodynamic ablation to  serve 
as a guide, i t  has been hypothesized, for 
estiniple, tha t  the nustrtilite shapes were scullp- 
tured by  the air from masses of soft glass shed 
from the ablation of a large body (Hardcastle 
(ref. 3 2 ) ,  Lacroix (ref. 9), and Fenner (ref. lo ) ) ;  
thnt, in contrast to meteorites, they were 
formed from such a deep heating during flight 
tha t  the aerodyn:iniic forces molded the glass 
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like a plastic (Nininger (ref. 33)) ; and that  
they were shaped frorn a long and slow heating in 
a grazing entry of a lew minutes duration wliicli 
heated the austrdites to much greater depths than 
meteorites (O’Iieefe [ref. 12)). However, a syn- 
thesis of the new esperiiiientiil evidence with the 
applicable theoretical evidence, and with the pre- 
vious observationwl evidence of Bnker (ref. 14), 
leads witli assitrwnce to a picture of the  aero- 
c l y i ~ i ~ n i ~  sculpturing conditions wliicli :ire siniilwr 
to those ciicouiitc~ed diiring :I clii-cct eiitry Right 

of a stitall, relatively slow meteorite: the structural 
state of the body is firiiily rigid, the rate of heating 
is estrenielp high, the recession of the front face is 
rather rapid, the duration of’ the ablation is rela- 
tively short (seconds to tens of seconds, rather 
than n few minutes), atid the penetration of the 
nielting t i t  titi>- given i1ist:int is confined to  n very 
thin, receding slirct of fluid glass. 

ARIES RESEARCH CESTER 
XATIOXAT. .4ERON.4YTICS AKD S P A C E  ADWINISTRATIO~ 

>\IOFFETT FIFLD, CALIF. ,  OCL. 16, 1961 , 



F 

APPENDIX A 
COMPOSITION OF SYNTHETIC TEKTITE A N D  AVERAGE AUSTRALITE GLASS 

In  the following table figures are given for the composition of two different pieces taken from a 
slab of synthetic tektite glass and analyzed by F. Cutti t ta and M. Curron of the U.S. Geological Survey. 
“Average australite” designates the desired conlposition specified to the Corning Glass C o ~ n p  any. 
All numbers represent weight percentages of the various oxides. 

..Irerage .4nnigacs of sguthelic 
u uvlrali le tekl  i / e  gins8 

Si()?.. . ~ .  .. . ~~ ...... ~~- 76. 0 75. 64 75. 77 
Al l03  ... . ~ ~ . .  11.0 11.36 11.46 
F(’IOy . . . . ~ . . .  . 5  . 50  . 60 
FcO. . . ~ . ~ . .  . 4. 5 4. 44 4. 23 
CnO. ~ ~ ..... . 3. 0 3. 09 2. 88 
NgO- ~. . . . . . . . . . . 1. 5 1. 61 1. 62 
~ I I l O -  . . .  . .~~ . 1  . 10 . 10 
X:t& 1. 0 1. 04 . 1. 00 
I C 2 0  ~~ . ~ ~ . .  1. 9 1. 88 1. 89 
TiOr ~ ~ . . . . . .  . 5 . 49 . 49 
I’2( ) j  . ... 0 . 0 2  . 0” 

It. is evitlcii t. t h u t  tlic syii t I 1 c . t  ic t ckt i t (1 glass c ~ i i p l o ~ ~ d  i n  the cspwi riicnts rcpws(>ii ts closely the average 
ailst rditc.  
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APPENDIX B 
ANALYTICAL RESULTS PERTAINING T O  T H E  AERODYNAMIC ABLATION OF GLASS 

An important physical feature cliaracterizing 
the aerodynamic ablation of glass is that  the depth 
of the surface layer within which the nielt runs off 
is much less than the depth of the layer within 
which the temperature rise lias penetrated. The 
strong dependence of glass viscosity on tenipera- 
ture is responsible for this feature. With tektite 
glass, for example, the viscosity increases an order 
of magnitude when tlie temperature drops only 
about 200' C. Since the surface teniperature of 
ablation is roughly 2000' C above the interior 
glass temperature, it is clew that  tlie velocity pro- 
file of liquid flow u(y) will extend beneath the sur- 
face to a deptli about one order of magnitude less 
than that  to which the teniperature profile T ( y )  
extends. This nieims that,  in the developnient of 
equations for the systeniatic striae distortions in- 
duced bv ablation, only a small portion of the 
over-all temperature profile need be considered. 
In this portion, very near the surface, the tenipera- 
ture is approximated b y  an exponential 

T- To = (T,, - To) e - V I A  (B1) 
with 

wherc T i s  the internal temperature at a distance y 
beneath the surface, To is the temperature before 
heating occurred, Tw is the wall temperature, and 
( d T / d y ) ,  is the slope of the temperature profile a t  
the wall. It may be noted that  Bethe and Adains 
(ref. 20) employed the exponential function for T 
throughout the entire temperature profile. 

Another important fe:tture of glass sblation is 
that the equations of nionientuni conservation iind 

of niass conservation are the same for transient 
ablation as for ste:tdy-state ablation. This situn- 
tion exists because the time-dependent inertia 
ternis in the nion1entutii equation are negligible 
compared to the shear ant1 pressure ternis, arid 
because the time-dependent term in the continu- 
i ty equation also is negligible for incompressible 
fluids such as glass. Therefore, although we are 
concerned here with a transient phenomenon, the 
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solution to the moment.uni equation for the velocity 
profile may be taken directly froni that  of Betlie 
and Adanis who considered explicitly only steady- 
state ablation. 

where pto  is t,he viscosity a t  the surface teiiipera- 
ture Tu,, T, is the aerodynamic shear stress a t  the 
glass-air interfttce, and p' is the surface pressure 
gradiPnt. The exponential tloniinates the 
rightlittiid side of equation (B3), so that 6 may be 
regarded RS t he  characteristic tliicliness of the 
flowing layer of glass. For most inorganic glasses, 
including tektite glass, the viscosity varies so 
rapidly with temperature that the quantity 

is the order of 10. It, follows directly from equa- 
tion (B4) that 6 is an order of magnitude less than  
the chwracteristic thiclincss A of the temperature 

The distortion d purdlel to the Surface, illus- 
trated scheniatically in figure 11, is related to the 
nielt velocity components u pwrallel, and 1' per- 
penclicultir, to the surface 

profile. 

n 

For tektite glws, the vaporization is negligible 
coniptirctl to the nielting at entry flight. conditions 
near the terniinrttion of ablation, so that the 
Bethe-Atlains equation for 2 3  is 

r=E [ (~~'-2p ' 'S)  (1 - e - V / 6 )  +21"ye-"*] (B6) 

By  introducing a parameter dependent on flight 
conditions 

P W  

-p"6 
7,' -21," 6 

A=-- 
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the integral in equation (B5) becomes, with E as 
the cliimmy variable for y/6, 

By employing a mean value 5, intermediate 
between the undisturbed coordinate ( s )  and the 
displaced coordinate (x) of a given particle, the 
integral of equation (B8) reduces to the form 

which should be a good approximation when 
d<s. 

I n  principle, this integral for striae displacement 
would be ciitiiber~o~ne to evaluate precisely, since 
A is a complicated function of time, but,  for the 
small values of A appropriate to tektites, the 
above integrul is not sensitive to the exact value 
of A, or to moderate variations in A,  so long as A 
remains sufficiently small. For entry objects the 
size of a typical australite, for example, A increases 
fronn a very sintill value a t  the begirining of a b h -  
tion to tibout 0.1 or 0.2 :it the end of ablntion, 
dcpcntling on the entry iitiglc. ITiider such con- 
ditions niimeric:il d(w1:ition froiii the complete 
eqiintioii (B8) shows that the viiliir i l  -0, in fact, 
provides a. good :ipproxim:ition tIiroi1gh t hc pro- 
portionality relatiotiship 

* Moreover, for practical purposes, this function 
tliflers little from a simple function proportional 
to e-wl6 in the inner portion of the melt layer 
where y / 6  is greater than about 1. Even on the 
better preserved australites the outer portion very 
near the original ablated surface (y/6 less than 
about 1) has been worn away. Consequently, 
the entire analysis reduces, in essence, to  the 
simple result that  the remaining striae displace- 
ments (on all but a perfectly preserved specimen) 
would be expected to follow the simple exponential 
variation d-e-"lb to a good degree of approxima- 
tion. 

It is to be noted that  the striae displacement 
equation (B9) provides a means of estiniating the 
amount of erosion from the front face if only a 

portion of the systematic striae displacements 
have been worn away. For example, the average 
surface stria displacement from the data of figure 
12(a) corresponds to d o / s ~ 0 . 2 0 ,  and to d l Z ~ 0 . 1 8 .  
The  corresponding value of yo/6 (from eq. (BlO)) 
which produces this particular value of d/s is 
about 1.2. Hence, with 6=0.01 cin (fig. 12(b)), 
y0=0.012 cm is the approximate amount of glass 
that  has been removed from the front face of this 
tektite. 

The above analysis, leading to equation (B9b) 
for the striae displacement d/?, is valid for small 
displacements; but  a similar equation can be 
developed for large striae displacements. Thus, 
b y  considering J: as a variable in equation (B8) 
(rather than as a constant z) ,  and by noting that  
d=x-s, equations (B8) and (B9) yield 

For small displacenients the right hand side of 
this equation reduces to (I+Ay/6)/2, as does 
tlie right hand side of equation (B9b). 

The calculations above are for transient abla- 
tion. In the special ciise of steady-state ablation, 
:is shown by Rethe iitid Ad:inis, R very simple 
cqi1:itioti O:LII I)(> drvclopetl which is useful in 
cstiniatitig t h e  order of iri:igtiitiidc of 6. Bcc:uise 
of the sm:illticss of 6 relative to A, the sheet of 
flowing glass tilay be considered as being coiivected 
: L W : L ~  :it tlie wall temprrature T,, carrying with i t  
tin energy flux of pc,uw(T,-T0), where p is the 
glass density, c, tlie specific heat, and z), is the 
velocity of recession--or rate of ablation -of the 
stagnation point (u,>O). Since (dT/dy),= - 
(T,- To) /A from equation ( B l ) ,  it  follows that the 
heat input to a glass of thermal conductivity I C ,  is 
kw(Tw- To)/A, and, that  in the absence of vapori- 
zation, the heat balance equation for steady abla- 
tion is 

T -To k, zD-- 
A - P C ~ V  w (T w - To) 

When this is combined with equation (B4), there 
results 

I 
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where K=k, /pc ,  is the thermal diffusivity of the 
glass. When internal radiation is considered, equation (Bl l )  is adequate. 
equation (B12) is modified. For the purpose of 

illustrating the order of nmgnitude of 6 ,  however, 
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